Abstract. We present the distribution and C:N stoichiometry of dissolved organic matter (DOM) in the North Sea in 2 summers (August 2011 and August 2012), with supporting data from the intervening winter (January 2012). This data demonstrates local variability superimposed on a general pattern of decreasing DOM with increasing salinity, suggesting 10 strong control over broad scale concentrations by mixing between riverine sources and the open North Atlantic. We observe differences in DOC and DON concentrations and gradients between the two summers, leading to an estimated 10-20 Tg difference in the DOM carbon inventory between the 2 years, which is of the same order as the annual uptake of atmospheric CO 2 by the North Sea system, and thus significant for the carbon budget of the North Sea. Differences were particularly pronounced in the bottom layer of the seasonally stratifying Northern North Sea, with higher DOC and lower DON in 2011 15 and lower C:N ratio and more moderate concentrations of DOC and DON in 2012. Using other data we consider the extent to which these differences in the concentrations and C:N ratio of DOM could be due to differences in the biogeochemistry or physical circulation in the 2 years, or a combination of both. We discuss the implications of these observations for the shelf sea carbon pump and the export of carbon rich organic matter off the shelf.
Dissolved organic matter and the continental shelf pump
One potentially important mechanism of shelf carbon export to the deep ocean is via dissolved organic matter (DOM).
Marine DOM is a complex mixture of organic material from various sources both terrestrial and marine, with a spectrum of lifetimes from hours to millennia (Hansell, 2013; Nelson and Wear, 2014; Repeta, 2015) . Its reactivity and in particular its availability for breakdown by marine microbes is a key factor controlling in its lifetime in relation to degradation to 5 inorganic carbon (e.g. Jiao et al., 2014) and thus capacity for long-term carbon storage. A recent synthesis of DOC in continental shelf seas observes a strong relationship between distance from rivers and decreasing DOC concentration, with significant enrichment of DOC in nearshore waters relative to the open ocean, leading to inferred global DOM flux across the shelf break ranging between 7 and 29 Pg C yr-1 (Barrón and Duarte, 2015) . This is consistent with a long term observational data set from the North Sea (Van Engeland et al., 2010) and results form the Mid Atlantic Bight (Bauer et al., 10 2002; Vlahos et al., 2002) and Arctic (Wang et al., 2006) . This export flux is composed of a combination of terrestrially-derived organic matter from rivers (allochthonous DOM) and production of autochthonous DOM on the shelf through in-situ autotrophic processes; although the relative importance of the different sources in shelf sea systems is uncertain. The stoichiometry of exported DOM may also be an important indicator 15 of the efficiency of the shelf carbon pump. This stoichiometry is normally compared to the so-called Redfield ratio, and deviations of DOM stoichiometry from Redfield have been observed (Abell et al., 2000; Aminot and Kérouel, 2004; Ducklow et al., 2007; Hopkinson and Vallino, 2005; Letscher and Moore, 2015; Pujo-Pay et al., 2011) , although it needs to be recognised that the Redfield ratio is not a single fixed ratio even in primary production (Moore et al., 2013) . Despite these caveats, a net enrichment of carbon relative to nitrogen as shelf seas process internally-produced organic matter implies 20 possible re-use of the nitrogen to drive further primary production, thus decoupling organic matter processing from the relatively fixed stoichiometry of algal growth. Carbon-rich DOC might be produced by the preferential remineralisation of phosphorus and nitrogen over carbon from DOM by bacteria (e.g. needing to meet their nutrient requirements for growth) (Lønborg et al., 2010) or via the 'overflow production' of carbon rich organic matter by phytoplankton under situations of nutrient limitation, also referred to as 'carbon overconsumption' (Prowe et al., 2009; Toggweiler, 1993) . The bioavailability/ 25 reactivity of exported DOM is also likely to impact the efficiency of the shelf pump, with e.g. a change to more refractory DOM leading to accumulation in the marine system and subsequent net removal of carbon from the atmosphere. The bioavailability of DOM in shelf environments has been proposed to be linked to nutrient availability, with higher nutrient (specifically, nitrogen) availability leading to greater remineralisation of DOM which has low bioavailabiliy as a result of its high C:N ratio and thus a decrease in microbial carbon pump efficiency (Jiao et al., 2014) .
The North Sea system
The North Sea can be characterised by a shallow, well mixed water column in the south (Emeis et al., 2015) , and a deeper seasonally stratifying system to the North (Van Haren and Howarth, 2004; Knight et al., 2002) , with the boundary between these systems at roughly 55N and ~40m depth. The North Sea is a highly productive shelf sea, particularly the southern part which fixes 25 -30 mol C m-2 yr-1 (Emeis et al., 2015) , although as the southern North Sea water column remains well 5 mixed throughout the year, and is highly affected by riverine carbon fluxes, respiration processes may mean it is a net source of carbon to the atmosphere (i.e. net heterotrophic) (Bozec et al., 2005) . In contrast, the northern North Sea is thought to be net autotrophic (i.e. accumulates organic matter and is a net sink for inorganic carbon) and through its seasonal stratification and the consequent vertical separation of surface autotrophy and respiration at depth, is a strong net sink for atmospheric CO2 (~2 mol m-2 yr-1 taken up at the air-sea interface) (Clargo et al., 2015) . Deeper waters in the northern North Sea are 10 thought to exchange with the deep ocean, so the accumulation of respiration products there (i.e. dissolved inorganic carbon, DIC) may be an important mechanism in the shelf carbon pump (Bozec et al., 2005; Thomas et al., 2004) . These net DIC exchanges represent small differences between the large carbon fluxes representing primary production and respiration over the seasonal cycle. Recent studies have also noted that there can be important interannual variations of North Sea circulation
and exchange with open Atlantic waters linked to cycles such as the North Atlantic Oscillation (NAO, Salt et al., 2013;  15 Sheehan et al., 2017) and possibly longer-term shifts in patterns of production (McQuatters-Gollop et al., 2007) which have the potential to alter the net DIC exchange fluxes.
The role of DOM in the carbon pump of the North Sea is even less clear than that of DIC. Thomas et al. (2005b) observe inflows and outflows to the North Sea which suggest minor net respiration of DOC, based on observations from a single year 20 (spring and autumn cruises). However, Prowe et al. (2009) invoke the production of carbon rich organics via overflow production in the northern North Sea to explain the apparent decoupling of nitrate and DIC drawdown over a seasonal cycle.
Various studies also point to strong seasonality in the in-situ production of DOM by algae (especially during the spring bloom) and subsequent slow degradation (time scales of weeks to a month or so), albeit with strong spatial variability and apparent patchiness (Van Engeland et al., 2010; Johnson et al., 2013; Suratman, 2007; Suratman et al., 2008 Suratman et al., , 2009 ). At the 25 current level of knowledge and available data it is impossible to determine whether the North Sea is a net source or sink for DOC in a typical year. In order to better understand the dynamics and stoichiometry of DOM, and whether or not there is the potential for an organic matter continental shelf pump for carbon (Barrón and Duarte, 2015; Thomas et al., 2005b) , a more detailed understanding on the spatial variability and large-scale controls on DOM concentrations is thus required.
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We undertook a spatial survey of the North Sea on cruises of opportunity in two summers (2011 and 2012) and the intervening winter to investigate the broad scale distribution and stoichiometry of DOM, on the working hypotheses that i) the dominant control on DOC/DON concentration would be salinity, and this would represent mixing of riverine or low Biogeosciences Discuss., https://doi.org /10.5194/bg-2017-387 Manuscript under review for journal Biogeosciences Discussion started: 22 September 2017 c Author(s) 2017. CC BY 4.0 License. salinity autochthonous marine DOM (Barrón and Duarte, 2015) with a relatively constant high salinity end-member, characteristic of the North Atlantic; ii) this signal would be complicated, particularly in summer, by internal processes in the open North Sea such as algal production and bacterial degradation (e.g Johnson et al., 2013) ; iii) that the stoichiometry of DOM in surface waters would show higher C:N than deeper waters due to carbon overconsumption due to nutrient limitation in summer and iv) given that agriculturally-influenced rivers tend to have low C:N DOM, due to high nitrogenous inputs 5 (Mattson et al., 2009) , that the C:N ratio would increase with salinity, towards the characteristic C:N of DOM of N. Atlantic winter water of approximately 13-15 (Aminot and Kérouel, 2004 Surface and bottom waters were sampled from 10 litre Niskin bottles attached to a CTD rosette. In general, surface and bottom water samples were collected at 2-4 meters below the surface and 5-6 meters above the seabed respectively.
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Sampling focused on the open waters of the North Sea and did not sample near shore regions with strong riverine influence (minimum observed salinity at DOM sampling points =30.9, 87% of samples had salinity >34.0).
Samples were collected at all stations for measurements of DOC and DON, along with dissolved inorganic nutrients (the sum of NO 3 -and NO 2 -(henceforth nitrate), ammonium, phosphate and silicate). Additionally, chlorophyll a, POC and PON furnace before use (Kaplan, 1992; Sharp et al., 1993) . Gentle vacuum filtration (~5 kPa) was used through pre-combusted (450 °C, 5 hours) glass fiber filters, 47 mm diameter of nominal pore size 0.7 µm with an ashed (550 °C, 5 hours) glass filtration unit. Filtrates were then collected in polypropylene sample tubes (Fisherbrand TM polypropylene centrifuge tube 50ml, Fisher Scientific, UK) for DOC, TDN and inorganic nutrients analysis. This storage regime has previously been shown to be effectively preserve and not contaminate these analytes (Chaichana, 2017; Suratman, 2007; Tupas et al., 1994) .
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Filters were wrapped in aluminium foils for POC and PON analysis, the water volume recorded. Chlorophyll a samples were collected from a separate water sub-sample on the same type of GF/F glass fibre filters (without combustion, gentle vacuum filtration ~10 kPa) and the water volume recorded. All samples were immediately frozen at -20 °C after filtration on board (-60 °C for Chlorophyll a samples) until further analysis in the laboratory.
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DOC and total dissolved nitrogen (TDN) were determined by the high temperature catalytic oxidation method coupled with nitrogen chemiluminescence dectector system (HTCO-TOC-ND system) using a Skalar Formacs HT combustion TOC/TN analyser (Skalar analytical, Netherlands) coupled with a Skalar nitrogen chemiluminescence detector (ND20, Skalar analytical, Netherlands). The methods involve minor developments of those we have reported previously (Johnson et al., 2013; Suratman et al., 2010) . The combustion temperature was 750 °C. The catalyst was a layer of cobalt-chromiun (CoCr,
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~15 g sitting on quartz wool to prevent loss of the catalyst from the bottom of the combustion tube) and cerium oxide (CeO2, ~2.5 g on top) in a quartz glass column. Carbon-free, high purity air (Zero grade air, BOC gases, England) was used as carrier gas (240 ml/min). To eliminate inorganic carbon in samples, acidification (adding 100 µl of 10% hydrochloric acid to 6 ml of sample), sparging (using pure air for 240 s) and stirring (180 s) were performed automatically by the TOC/TN analyser. The sample injection volumes was 200 µl (the best 2 injections were chosen automatically from 2 -4 injections to 20 achieve the coefficient of variation (CV) better than 2 %).
Calibrations of the instrument were carried out by potassium hydrogen phthalate (KHP) (0-300 µM) and a mixture of ammonium sulphate and potassium nitrate (0 -50 µM) dissolved in Milli-Q water for DOC and TDN analysis respectively.
The system blank was estimated by using acidified and sparged Milli-Q blank injection which was 29.2 ± 4.2 µM (n = 78)
25
for DOC and was 0.6 ± 0.6 µM, (n = 79) for TDN analysis. The value agreed with the system blank reported in other previous studies (Álvarez-Salgado and Miller, 1998; Badr et al., 2003; Benner and Strom, 1993; Hopkinson et al., 1993; Koike and Tupas, 1993; Suzuki et al., 1992) . The blank correction was applied to DOC and TDN data. Precision is expressed here as a coefficient of variation (CV) obtained by replicate measurement of the same sample (Miller and Miller, 2010) . A continuous run of 40 standards in the same batch provided the analytical precision about 2% and 4% for DOC
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(used 100 µM) and TDN (used 10 µM standard) analysis, respectively.
Two types of consensus reference materials (CRM):low carbon water (LCW) and deep seawater reference water (DSR), provided by the Hansell laboratory, the University of Miami (Hansell, 2005) , were used to verify the measurement. For DOC quantitative recovery of DSR relative to the consensus values is (100 ± 7%, n = 98) and (98 ± 6%, n = 66). The oxidation efficiency of KHP relative to urea was 93-105% (100 ± 3%, n=50) and 97 -108% (100 ± 2, n=20) for 50 µM and 200 µM,
respectively. This agreed with previous finding which showed the result ~100% for 200 µM KHP-glycine standard compared to urea (Watanabe et al., 2007) . The limit of detection (LOD) estimated as the analyte concentration giving a signal equal to the blank signal plus three standard deviations of the blank (Miller and Miller, 2010) For TDN analysis, the analysis of LCW yielded a concentration 0 µM (no peak areas were detected during TDN analysis),
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which was in good agreement with the consensus values of 0 µM. The analysis of the DSR yielded a mean concentration of 32.8 ± 1.7 µM (n = 176), which was in good agreement with the consensus value of 31 -33 µM. The quantitative recovery of DSR relative to the consensus values is 102 ± 5% (n = 176). The oxidation efficiency of the mixed standard relative to urea was 92 -106 (98 ± 4, n = 52) and 94 -105 (99 ± 3, n = 32) for 10 µM and 50 µM, respectively. The limit of detection for TDN analysis was 1 µM. DON was calculated by subtracting dissolved inorganic nitrogen (DIN) concentration (the sum 20 of nitrogen in the form of nitrate and ammonium) from the TDN concentration. Therefore, the precision of DON is affected by the sum of uncertainties in TDN and DIN analysis. In this study, the precision of TDN, nitrate and ammonium, calculated as a coefficient of variation obtained by replicate measurements of the same samples (Miller and Miller, 2010) were 4%, 3%
and 4%, respectively. The resulting uncertainty on DON depends on the relative concentrations of these analytes in a given sample, but where DIN is low (e.g. in surface waters in summer) it roughly equates to the uncertainty on the TDN analysis 25 (4%), whereas where DIN is high and DON is relatively low (e.g. deeper stratified north sea water and all winter samples), uncertainty can be significantly higher, up to +/-30% at very low DON concentrations (less than 5 µM). However, in the context of the broad range of concentrations observed in this study, such uncertainties do not affect the findings or conclusions presented here.
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Measurements of dissolved inorganic nutrients (nitrate, ammonium, phosphate and silicate) were performed using standard spectrophotometric methods (Kirkwood, 1996) average measured values all within 10% or better of the consensus value. For POC and PON samples, filters were placed overnight (12 hours) in a desiccator saturated with concentrated hydrochloric acid (HCl, 36% w/v) fumes to remove inorganic carbon (carbonate). The filters were then dried for 24 hours at 60 °C. POC and PON were determined by the dry oxidation method using the Exeter Analytical CE440 Elemental analyser (Exeter analytical Ltd.,UK). The precision as the coefficient of variation (CV) was about 1% for C and 4% for N. Chlorophyll a filters were extracted by acetone and 5 measured by spectrofluorometric method (Holm-Hansen et al., 1965; Parsons et al., 1985) using spectrofluorometer (Perkin Elmer LS45, USA). The detection limit of the measurement was 0.1 µg/L.
Results

Physical oceanographic conditions
During the summer cruises there was a clear difference between southern, well mixed waters and northern, stratified waters 10 in both physical and biogeochemical parameters, as expected. By comparing surface and bottom temperatures we divide the summer cruise data up into 3 sets (henceforth 'water types') for further analysis: '(southern) well mixed', '(northern) stratified surface layer' and '(northern) stratified bottom layer'. We consider the limited winter cruise data as a whole, on the basis that it is mostly in the permanently well mixed southern part of the North Sea, and given that the whole system is vertically well-mixed in Winter.
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Surface waters were generally warmer in summer 2012 than in 2011 (Table 1 
Inorganic nutrients
25
Inorganic nutrient concentrations, summarised in Table 1 show the typical pattern expected for the North Sea, with relatively high concentrations in the winter, and at depth in the northern North Sea, and low concentrations in summer surface waters, presumably due to utilization by phytoplankton. Northern surface waters tend to be more depleted in nutrients than southern well mixed waters, due to the greater re-supply of nutrients from the benthos, river and possibly atmospheric inputs to the latter. Figure 2 shown) follows a similar pattern to phosphate except for apparently reaching limiting concentrations in all surface waters in both summers.
Nitrate and phosphate concentrations and inorganic N:P ratios in the northern bottom waters were significantly higher in 2011 than 2012. This suggests differences between the two years which may reflect differences in water exchange with the 5 open Atlantic, differences in productivity, plankton community and nutrient limitation in the spring and summer before sampling or a combination of all of these.
Note that the data are potentially skewed by the more northerly extent of the 2011 cruise sampling waters richer in nitrate and phosphate. Figure 3 shows the geographic distribution of dissolved organic carbon and nitrogen over the survey area in both summers.
Dissolved organic carbon and nitrogen concentrations
Statistical summary of the concentrations is presented in Table 2 . In general, higher concentrations were seen in the coastal zones particularly in the Southern Bight, the German Bight and surrounding the East Anglian plume (the Thames estuary, the Humber estuary and the Wash) for both surface and bottom water, and around the coast of Denmark, and lowest (Fig. 4d ) the salinity relationships is more confused, with northern stratified bottom waters appearing to show a positive relationship with salinity (albeit over a very limited salinity range). The limited winter data (Table 3) show high, but also highly variable DOC concentrations. DON concentration in winter was of a similar magnitude to the summer values but was highly variable. However, the winter data reflects a limited survey area mostly very near to river inputs, so 10 may not reflect conditions in the wider North Sea.
DOC average concentrations are an order of magnitude smaller than DIC (e.g. Clargo et al., 2015) , and POC average concentrations are 6 times smaller than DOC (Table 2) . Hence DIC dominates the carbon inventory in the water. This is not the case for DON, which becomes the dominant from of nitrogen in summer and hence its degradation rate has the potential 15 to influence nutrient availability and phytoplankton productivity. PON is about 3 times smaller than DON in terms of average concentrations, further demonstrating the important role of DON as a nitrogen reservoir in nutrient cycling in shelf environments.
From the DOM vs salinity relationships, it is possible to derive apparent low salinity end-members for DOC and DON and 20 these vary by water type and season (Table 3 ). The estimated zero-salinity concentrations were 420 µM DOC and 40 µM DON for the combination of two surveys in summer, giving a source C:N ratio of about 10. It is not possible to say from these data whether the high DOM concentrations at low salinities are river-derived (allocthonous) or produced in estuaries or the near-coastal zone (autochthonous), fed by the riverine delivery of inorganic nutrients. Given the low range of salinities observed and the high in-situ variability, the end member values derived here are highly uncertain, but their values are 25 consistent with typical riverine DOC and DON observations (Agedah et al., 2009; Markager et al., 2011; Neal and Robson, 2000) . The slope (~10) and y intercept (~420) for the DOC vs salinity relationship estimated here for the North Sea are also quite similar to those estimated by Bauer et al., 2013 (11.5 
DOM stoichiometry
The change in C:N ratio with salinity ( Fig. 4 e and Figure 6 ). In the northern stratified waters DOC and DON concentrations were generally slightly higher in surface waters than at depth. Larger differences in DOM concentrations however, are observed between the 2 years than between surface and bottom concentrations within either of the years. (whole surface data and whole bottom data) (t-test, P <0.05). Figure 4 demonstrates that these differences are not related to sampling different salinity ranges on the same DOM/salinity gradient, but rather that concentrations of DOC for all water types, and DON for all but northern bottom waters are elevated in 2011 vs 2012 for a given salinity.
Given the challenges associated with DOM analysis it is essential that we demonstrate that this apparent 5 difference cannot be due to a systematic analytical error in DOC measurement. We have demonstrated (Section 2, Fig S1) that repeat measurements of CRMs do not vary systematically in their DOC concentration between the analyses for 2011 and 2012 samples, so we are satisfied that this is not the case and we conclude that this DOC enrichment is a real feature of the North Sea in 2011.
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The C:N ratios of DOM in northern stratified waters show a particularly large difference between the two summers, dominated by the C:N ratio of DOM in the bottom waters. Whilst C:N ratio in the surface is the same in both years (11.3 +/-1.4 in 2011, 11.7+/-2.3 in 2012) the bottom water C:N changes from being higher than surface values in 2011 (13.4+/-3.6), to being lower than surface values in 2012 (9.3+-1.8). Thus our working hypothesis iii), that carbon-rich DOM production in surface in summer would lead to enhanced C:N in the surface compared to deep waters is demonstrated to be unfounded. A
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DOM C:N ratio of 11 is consistent with greater-than-Redfield C:N DOM production, in both years, but the relative C:N is dominated by the bottom water signal.
DOM in bottom waters
In order to further investigate bottom water DOM, we investigate the change in DOM concentrations with depth. The relationship between bottom water DOM concentrations and depth (Fig 7) Consequently, deep bottom waters with relatively high DOC and low DON in 2011 show elevated C:N ratios (Figure 7c ), in a substantial number of cases higher than the typical North Atlantic end member of 13-15 (Aminot and Kérouel, 2004) .
Discussion
The data presented in this paper demonstrate that there is significant complexity in the DOM dynamics in the North Sea both 30 spatially and inter-annually, although through this the expected pattern of decreasing DOM with salinity is still discernible. The results also demonstrate that there are considerable (and interannually variable) inventories of carbon and nitrogen in DOM in the North Sea. In this discussion, we consider the various potential controls on DOM concentrations, stoichiometry and interannual variability in the following sections, as well as considering the significance of DOM for nitrogen cycling and carbon uptake in the North Sea.
DOM-Salinity relationship
5
The data presented above demonstrates that mixing between high DOM, low salinity estuarine waters and low DOM, high salinity ocean waters is an important component of DOM dynamics in the North Sea. Given the relatively high concentrations of DOM on the shelf relative to the North Atlantic, the DOM data presented here generally supports the suggestion by (Barrón and Duarte, 2015) 
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The noisiness of the relationships with salinity demonstrate that there are clearly other controls on concentrations of DOM, consistent with previous data which observes in-situ production and degradation by plankton and bacteria of DOM in the North Sea during spring and summer, and supporting hypothesis 2 (Van Engeland et al., 2010; Johnson et al., 2013; Suratman, 2007; Suratman et al., 2008 Suratman et al., , 2009 , although no direct relationship between either chlorophyll or POC/N (data not shown) was evident. However, as discussed by Johnson et al. (2013) the spring bloom in the North Sea is associated with a 20 DOM maximum which decays away on a timescale of a few months, a situation similar to that described for open ocean and Antarctic systems (Carlson et al., 1994 (Carlson et al., , 1998 . Hence by the time of these surveys in late August, the main effects of this seasonal DOM concentration maximum may have decayed away, leaving the river/ocean mixing signal dominant.
Significance of difference in DOC inventory between 2011 and 2012
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The two summers observed appear to be significantly biogeochemically different, not least in the concentration and C:N ratio of DOM observed, but also in nutrient regime, and physical oceanography. difference in DOC inventory would represent a carbon flux of between 1.5 and 3 mol m -2 , which is the same order of magnitude as our best estimates for annual CO2 uptake by the Northern North Sea (Thomas et al., 2005a) . This change in DOC inventory is, therefore, potentially an important change in the carbon budget of the North Sea, at least for the years concerned. Depending on the source and fate of the DOM, this could represent a substantial change in the magnitude of airsea CO 2 flux and/or carbon export form the North Sea to the deep ocean between these two years, and is indicative of a 5 system whose carbon cycling demonstrates considerable interannual variability.
DOC concentrations observed in winter in shallow coastal stations mostly in the southern part of the North Sea shows among the highest observed in this study, of up to and above 100 µM. These observations also coincide with some of the highest salinities observed in the study (comparable to deep northern North Sea bottom water, Table 1 ). The salinity 10 distribution (Fig S3a) shows highest salinity waters to the south (presumably inflow from the Channel) and higher salinity waters to the north, with low salinities around the East Anglian Coast. The higher salinities to the north of the winter survey areas were associated with the lowest DOC concentrations observed during the cruise (Fig S3b) . This is suggestive of high (Bai et al., 2014;  20 Hurrell, 2017) , consistent with a strong shelf-edge exchange and flushing circulation of the North Sea basin (Salt et al., 2013) . Given the confused relationship between DOC and salinity (Fig S4) , it is likely that other processes played an important role in the DOC concentrations in winter, including riverine inputs and likely interaction with sediments, which are known to be a source of DOM (Fitzsimons et al., 2006) .
DOM variability, C:N ratio and the seasonal signal
DOC and DON are generally well correlated (Fig 5) . Mean C:N ratios of DOM (roughly 9 to 17, Table 2 ) were comparable to those previously reported in in the southern North Sea (10.8 -14.8 ) (Van Engeland et al., 2010) and other continental shelf waters (11 -19) (Bates and Hansell, 1999; Hansell et al., 1993; Hopkinson et al., 1997 Hopkinson et al., , 2002 Kim and Kim, 2013; Wetz et al., 2008) . There are however some differences in DOC/N relationships with season and location.
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The elevated C:N molar ratio in the winter cruise may be due to the riverine input of high C:N materials as a significant inverse relationship with salinity in C:N molar ratio (R2 = 0.15, P < 0.05, n = 60) is seen (Fig S5) . However given the Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-387 Manuscript under review for journal Biogeosciences Discussion started: 22 September 2017 c Author(s) 2017. CC BY 4.0 License. apparent decoupling of DOC and DON concentrations in winter (no statistically significant correlation between DOC and DON were found at the 95% significance level in winter 2011 (P > 0.05)), it maybe that benthic interactions also play an important role particularly in winter (Suratman et al., 2008) .
In summer 2012 little variation between surface and bottom concentrations of DOC and DON is seen in well mixed southern 5 waters ( Figure 6 ). In 2011, however, these waters show a different pattern, with bottom samples having significantly elevated DOC (and DON) concentrations relative to surface samples, and with a lower C:N ratio. This observation suggests that there is a source of DOC from the shelf sediments in the Southern North Sea in 2011 or remineralisation of accumulated DOM at sufficient rate not to be mixed out by the overturning of the water column. This is consistent with the coincident observations of elevated concentrations of ammonium and phosphate (Figure 2d ), suggesting strong remineralisation rates of 10 benthic-derived DOM near the bottom of the water column, potentially associated with a nepheloid layer or similar (Burdige et al., 1999; Burdige and Homstead, 1994; Fitzsimons et al., 2006) , either not present or not captured by sampling in 2012.
On the basis of previous observations and the assumption that DOC-rich DOM would be produced in surface waters over the summer and broken down at depth, we predicted that DOC concentrations would be elevated in surface compared to bottom 15 waters in summer. In seasonally stratifying water this seems to be the case in both years, although with a much stronger difference between surface and bottom waters in 2012. The C:N ratio in all surface waters in summer in both years has a rather similar average value of ( 11.3 ± 1.4 and 11.7 ± 2.3) ( Table 2) , which is consistent with surface DOM production as previously observed in other studies in the North Sea (Van Engeland et al., 2010) and other continental shelf waters (Bates and Hansell, 1999; Hansell et al., 1993; Hopkinson et al., 1997 Hopkinson et al., , 2002 Kim and Kim, 2013; Wetz et al., 2008) . However, it is 20 impossible to disentangle local seasonal effects from the broad scale dominance of mixing along the salinity gradient from coast to open ocean.
The substantial differences between surface and bottom waters in the northern stratified part of the surveys in the two years is clear in Figure 6 . In 2011 surface DOC is only marginally elevated over bottom DOC, but DON is considerably higher
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(and less variable) at the surface. In 2012, however, the DOC is much lower in the bottom compared to the surface, but the DON is not significantly different. This leads to differences in C:N in northern bottom waters between 2011 (13.4 ± 3.6) and 2012 (9.3 ± 1.8). The significant difference between the northern bottom waters in the 2 years is explored in Figure 9 
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Northern bottom waters in 2011, however appear inconsistent with the likely North Atlantic end-member suggesting very different conditions. This may be due to within-year factors such as lower temperatures (inhibiting the remineralisation of DOM), higher primary productivity leading to greater DOM production (nutrient levels in northern bottom waters suggest a greater inorganic nutrient inventory to drive spring phytoplankton growth), stronger N limitation relative to P (as suggested by higher levels of unutilised P in surface waters in 2011) leading to greater overproduction of carbon-rich DOM, greater 10 release from sediment DOC pools, or weaker stratification leading to higher summer productivity (temperature differences between surface and bottom were greater in 2012).
It may also be possible that there is a multi-year component to this signal. We have seen that the winter data suggests high salinity waters entering the southern North Sea from both the south and north in winter 2011/12 and noted that this winter 15 period was associated with a very high NAO index, which is associated with greater cross-shelf exchange (Salt et al., 2013; Sheehan et al., 2017) . Furthermore, higher salinities to the north in the Winter data are associated with much lower DOC concentrations than the previous summer, all suggestive of flushing of the North Sea over the winter of 2011/12. The preceding 3 years were a period of strongly negative NAO index (Bai et al., 2014; Hurrell, 2017) Southern well mixed 15.5 ± 1.7 
